A novel, obligately anaerobic, fermentative bacterium, strain FCF9, was isolated from a 9-m water sample from permanently ice-covered, meromictic Lake Fryxell, Antarctica. A phylogenetic analysis based on 16S rRNA gene sequence identity clustered the Antarctic isolate within the Sporomusa À Pectinatus À Selenomonas phyletic group, where it was most closely related to Pelosinus fermentans (95.5% sequence identity). However, unlike species of Pelosinus, strain FCF9 was psychrophilic, with growth occurring optimally near 15 1C, and endospores were not produced. The metabolism of the new organism was strictly fermentative. The substrates fermented by strain FCF9 included only lactate and a few related organic acids. The major products from lactate fermentation were acetate and propionate. On the basis of phylogenetic, morphological, and physiological criteria, strain FCF9
Introduction
Lake Fryxell is a permanently ice-covered meromictic lake located in the Taylor Valley, McMurdo Dry Valleys, Antarctica. The lake contains a highly oxygenated mixolimnion and an anoxic, brackish, and sulfidic monimolimnion (Lawrence & Hendy, 1985; Howes & Smith, 1990) . Seasonal mixing of the upper euphotic zone occurs due to melting around the perimeter of the lake and to low-nutrient stream inputs from surrounding glacial melt waters, creating a shallow moat that persists for 1-2 months during the austral summer (Smith et al., 1993) . Lake Fryxell is the most productive Taylor Valley lake, due primarily to a higher nutrient content that supports an abundance of epilimnetic phytoplankton (Vincent, 1981; Priscu et al., 1987; Lizotte & Priscu, 1998) . Concentrations of dissolved organic carbon (DOC) in Lake Fryxell are relatively high and include fulvic, humic, and fatty acids (Matsumoto et al., 1989; McKnight et al., 1993; Aiken et al., 1996) . DOC concentrations in the oxycline are c. 1 mM and increase with depth to a maximum of about 2.5 mM at 18 m (Aiken et al., 1996) .
Mineralization of organic matter in the water column and sediments of Lake Fryxell occurs by a variety of biological processes, including aerobic respiration, sulfate reduction, iron (and possibly manganese) reduction, acetogenesis, methanogenesis, and fermentation (Harnish et al., 1991; Howes et al., 1992; Smith et al., 1993; Karr et al., 2005 Karr et al., , 2006 Sattley & Madigan, 2007) . Our understanding of most of these processes in Lake Fryxell is limited, but the diversity of fermentative organisms and fermentative metabolisms has been particularly neglected.
We have isolated a psychrophilic, obligately anaerobic bacterium from the oxycline of Lake Fryxell that ferments organic acids at in situ temperatures. In this paper, we describe the morphology, phylogeny, physiology, and ecology of this isolate and characterize it as a new genus of coldactive fermentative bacteria.
Materials and methods

Sample collection and processing
Water samples were collected from Lake Fryxell (77136.604S, 163108.853E) during November 2003 and 2005 using a Niskin bottle limnological sampling device, as described previously . Retrieved water samples were immediately dispensed into completely filled, acid-washed (10% HCl), sterile polyvinyl chloride bottles and transported at 4 1C in darkness to Crary Laboratory in McMurdo Station for processing.
Growth media, culture incubation, and microscopy Enrichment cultures were established by aseptically transferring 1 mL of lake water into completely filled, 17-mL screw-capped tubes of a 10 mM MOPS (4-morpholinepropanesulfonic acid)-buffered (Sigma, St. Louis, MO) minimal medium (pH 7.2) containing 20 mM sodium DL-lactate as carbon and energy source, as described previously (Karr et al., 2005) .
Solutions of NaHCO 3 and Na 2 S Á 9H 2 O were autoclaved separately and added to the cooled basal medium to 0.1% and 0.03% (final concentrations), respectively. Resazurin (0.0001%) was used to confirm anoxic conditions.
Primary enrichment cultures were incubated in the dark at 4 1C for c. 1 month and transferred to fresh tubes of liquid medium when visibly turbid. Purification was carried out using a modified version of the agar tube dilution method designed to protect cold-adapted organisms from heat shock (Isaksen & Teske, 1996) . Routine transfers of pure cultures were performed every 3-4 weeks and maintained at 10 1C in lactate minimal medium.
Phase contrast photomicrographs were taken with an Olympus B-Max 60 photomicroscope using the method of Pfennig & Wagener (1986) . Scanning electron micrographs (SEM) of mid-exponential phase cells were obtained as described by Kimble et al. (1995) in which cells were dehydrated by ethanol followed by critical point drying.
Molecular analyses
Genomic DNA extractions and PCR amplification of 16S rRNA genes were performed as described previously . Controls containing no DNA were included in all PCR reactions, and amplification products were verified to be of proper size (c. 1500 bp). Amplified DNA was purified using the QIAquick PCR purification kit (Qiagen Sciences, Germantown, MD). Automated sequencing of 16S rRNA gene products was performed at the Genome Sequencing Center, Washington University, St. Louis, MO. Sequenced fragments were assembled using the CAP3 sequence assembly program (Huang & Madan, 1999) , and related species were identified using both the BLASTN function of the Basic Local Alignment Search Tool (BLAST; Altschul et al., 1990) and the Sequence Match function of the Ribosomal Database Project II (Cole et al., 2003) . A multiple alignment was assembled and a phylogenetic tree constructed using MACVECTOR v7.2.2 (Accelrys Inc., 2004).
Database and culture information
The 16S rRNA gene sequence from Antarctic strain FCF9 was deposited into GenBank under accession number DQ767881. Accession numbers for all organisms included in the phylogenetic analysis are shown on the phylogenetic tree. Cultures of strain FCF9 are available upon request from the authors.
Results
Enrichment and isolation
Primary enrichment cultures for sulfate-reducing bacteria were established at 4 1C in an anoxic, sulfide-reduced liquid mineral salts medium containing 20 mM lactate as sole carbon and electron source, 70 mM sodium sulfate, and Lake Fryxell water as inoculum. Turbidity developed in positive cultures after 3-4 weeks. Following several passes through a dilution series, a strictly fermentative isolate was obtained from 9-m lake water and designated strain FCF9. By contrast, enrichment cultures established with lake water from sulfide-containing depths, including 12, 14, and 18 m, did not yield similar organisms but rather were dominated by sulfate-reducing bacteria (W.M. Sattley & M.T. Madigan, unpublished results).
Morphology and phylogeny
Cells of strain FCF9 were curved rods with tapered ends (Fig. 1 ). The cells measured 0.2-0.3 by 1-3 mm, showed swimming motility, and existed predominantly as single cells (Fig. 1a ). Endospores were not observed, even in very old cultures, and growth following pasteurization did not occur. Viability of older batch cultures was poor, as stationary phase cells often failed to grow upon transfer into fresh culture media.
Phylogenetic analyses of strain FCF9 grouped it within a large clade that included genera of the family Veillonellaceae (Gram-positive bacteria, Firmicutes). Based on 16S rRNA gene sequence identity, the species most closely related to strain FCF9 were Pelosinus species: Pelosinus sp. UFO1 (96.3%) and Pelosinus fermentans str. R7 T (95.5%). Pelosinus fermentans str. R7
T is a fermentative anaerobe isolated from subsurface samples in Russia (Shelobolina et al., 2007) . Other organisms related to Antarctic strain FCF9 included Sporotalea propionica (95.3%), Acetonema longum (91.8%), Anaerosinus glycerini (91.4%), Dendrosporobacter quercicolus (91.0%) and Anaerospora hongkongensis (90.4%). With the exception of A. glycerini, these organisms are all endosporeforming bacteria (Boga et al., 2007; Shelobolina et al., 2007) , which further distinguishes them from strain FCF9. A neighbor-joining distance tree generated from the strain FCF9 16S rRNA gene sequence (Fig. 2) illustrates the relationship of the Antarctic isolate to these and other mesophilic relatives.
Physiology: carbon metabolism
Strain FCF9 was purified in anoxic media containing lactate as sole carbon source and electron donor, and the best growth was achieved on lactate. Growth was also observed on fumarate, and weak growth occurred on pyruvate or malate. None of the several other substrates tested supported growth, including sugars, alcohols and methylated compounds (betaine and trimethylamine) ( Table 1) . Strain FCF9 did not grow aerobically, and neither sulfate nor nitrate stimulated growth under anoxic conditions. It was thus concluded that strain FCF9 conserved energy from organic acid fermentation, perhaps in a fashion similar to propionic acid bacteria, organisms that ferment lactate to a mixture of propionate and acetate (Seeliger et al., 2002) . Supporting this conclusion was the presence of large amounts of propionate and acetate in culture supernatants of strain FCF9; c. 0.6 mol propionate and 0.4 mol acetate were produced per mole of lactate fermented. A trace amount of butyrate or succinate was also formed, but higher fatty acids were not detected.
Physiology: temperature, pH, and salt relationships
The growth temperature profile of strain FCF9 showed a significant adaptation to its permanently cold habitat. Growth occurred over a range from À 2 to 122 1C. Visible turbidity (OD 540 nm = 0.06-0.099) in lactate-containing batch cultures grown at the optimal temperature (14-15 1C) was detected in 10-12 days, and a generation time of c. 45 h was calculated. OD measurements showed that cultures of strain FCF9 incubated at 10 1C had c. 60% faster growth rates than those incubated at 18 1C (based on percent maximum growth in a defined incubation period; data not shown). The generation time of strain FCF9 at in situ Lake Fryxell temperatures (0.5-1 1C) was c. 9 days. The rapid attenuation of growth at temperatures above 20 1C showed that strain FCF9 has a truly psychrophilic growth temperature response.
Strain FCF9 showed little salt tolerance and no growth requirement for NaCl. The organism grew equally well in media containing 0-0.5% NaCl. Slightly higher NaCl concentrations were increasingly inhibitory, and growth did not occur at 4 1.2% (data not shown). Growth of strain FCF9 was confined to a narrow pH range of 6.2-7.5, and optimal growth occurred at pH 7 (Table 1 ). The pH of 10 mM MOPS-buffered cultures routinely dropped from pH 7.1 to 6.1 upon reaching the stationary phase of growth, presumably from the accumulation of fatty acids.
Discussion
Organic carbon production within Lake Fryxell occurs due to phytoplankton (Vincent, 1981) , sulfur-oxidizing chemolithoautotrophs , and anoxygenic phototrophs (Madigan et al., 2000; Karr et al., 2003; Jung et al., 2004) . Carbon mineralization occurs via a variety of Fig. 2 . Phylogenetic tree generated from 1459 nucleotide positions of the 16S rRNA gene of strain FCF9 (shown in bold) using the Kimura-2 parameter distance algorithm in a heuristic search. Only cultured isolates were included in the analysis, and all organisms are type strains, except Pelosinus fermentans str. UFO1. GenBank accession numbers are shown in parentheses. Thermotoga maritima was used to root the tree. Tree topology was maintained with all analyses, and high-bootstrap values ( 4 75%) based on 1000 replicates are represented. mechanisms, as well, including anaerobic respirations and fermentation. The latter has received little consideration in past studies of the lake but may contribute significantly to carbon cycling. For example, Brambilla et al. (2001) investigated the microbial diversity of Lake Fryxell using 16S rRNA gene sequences from clone libraries and identified c. 70 taxonomic groups containing well over 100 potentially novel bacterial species. Although the sample for their study came from a microbial mat located in the littoral zone of the lake, several strictly anaerobic organisms were cultured, including some organisms closely related to Clostridium species. Moreover, Spring et al. (2003) isolated four new psychrophilic species of Clostridium from a similarly oxic, moated region of Lake Fryxell.
We have isolated a rather unusual lactate-fermenting bacterium, strain FCF9. This organism was most closely related to Pelosinus species, in particular to Pelosinus fermentans, a recently described, metabolically diverse bacterial species that can ferment several different substrates (Shelobolina et al., 2007) . However, in addition to its distinct phylogenetic status, strain FCF9 showed several phenotypic differences from this organism. For example, although P. fermentans and most related organisms are capable of sporulation (Boga et al., 2007; Shelobolina et al., 2007) , endospores were never observed in cultures of strain FCF9. Moreover, pasteurized cultures did not grow. Although these observations do not preclude the possibility that strain FCF9 produces endospores, it is apparent that the organism does not form endospores under the culture conditions described here. Other genera in the family Veillonellaceae, for example, Anaerosinus (Fig. 2) and species of Veillonella (the type genus of the family), are also incapable of sporulation, indicating that endosporulation is a variable property within this family of the Clostridiales. It should also be noted that many Veillonellaceae (including species of Veillonella) are organic acid fermenters, as is strain FCF9 (Table 1 and Byun et al., 2007) .
In addition to the key differences in phylogeny and sporulation between strain FCF9 and its closest relative, Pelosinus fermentans, the fermentation patterns of the two organisms are quite distinct. Pelosinus fermentans ferments sugars as well as organic acids, while strain FCF9 is restricted to a handful of organic acids, chiefly lactate, as energy-conserving substrates. Cell size also differed (Shelobolina et al., 2007) ; 2, Sporotalea propionica (Boga et al., 2007) ; 3, Anaerosinus glycerini (Schauder & Schink, 1989; Strömpl et al., 1999) ; 4, Dendrosporobacter quercicolus (Stankewich et al., 1971; Strömpl et al., 2000) ; 5, Acetonema longum (Kane & Breznak, 1991) . markedly, as cells of strain FCF9 were significantly smaller than cells of P. fermentans, although both share a curved-rod morphology (Table 1) . A major physiological characteristic of strain FCF9 that has obvious ecological significance was its growth temperature response. All of the organisms most closely related to strain FCF9 (Fig. 2) are mesophiles and typically grow best at temperatures of 30 1C or higher (Table 1; Biebl et al., 2000; Boga et al., 2007; Shelobolina et al., 2007) . By contrast, strain FCF9 grew optimally at 14-15 1C and grew faster at 10 1C than at 18 1C. Growth of strain FCF9 quickly ceased at temperatures above 20 1C, indicating a clear distinction from its phylogenetic relatives, and the organism showed a greater degree of cold adaptation than has been observed in most other bacteria isolated from Lake Fryxell in recent years (Rees et al., 1986; Madigan et al., 2000; Jung et al., 2004; Van Trappen et al., 2004; W.M. Sattley & M.T. Madigan, unpublished results) . However, Spring et al. (2003) found growth temperature characteristics similar to those of strain FCF9 in clostridia obtained from Lake Fryxell microbial mats. It is thus possible that a cold-active phenotype is more strongly developed in Lake Fryxell fermentative bacteria than in organisms from other physiological groups inhabiting this lake.
Because Lake Fryxell is essentially devoid of electron acceptors (other than sulfate) that could support anaerobic respirations (Lee et al., 2004) , much organic carbon in the anoxic waters of the lake is likely catabolized by fermentation. The clostridia known to inhabit Lake Fryxell (Brambilla et al., 2001; Spring et al., 2003) are probably the major saccharolytic and proteolytic bacteria present. However, clostridia do not usually produce lactate, the prime substrate for FCF9; this suggests that 'lactic acid bacteria' are also present in Lake Fryxell but have not yet been isolated. In contrast to these primary fermenters, strain FCF9 is a secondary fermenter, and the fatty acids that it produces may be major substrates for sulfate-reducing bacteria, acetotrophic methanogens, and anoxygenic phototrophs, all of which are present in Lake Fryxell (Madigan et al., 2000; Karr et al., 2003 Karr et al., , 2005 Karr et al., , 2006 Jung et al., 2004; W.M. Sattley and M.T. Madigan, unpublished results) . Strain FCF9-like organisms may therefore be significant contributors to organic carbon mineralization in Lake Fryxell, especially as regards carbon cycling between the oxic and anoxic waters of this exclusively microbial and constantly cold Antarctic lake.
Taxonomic conclusion
Based on the clear phylogenetic, morphological, and physiological distinctions between strain FCF9 and its closest relatives (Table 1 and Fig. 2) , we propose strain FCF9 to be the type species of a new genus within the Clostridiales, for which we propose the name Psychrosinus fermentans.
Description of Psychrosinus gen. nov.
Psychrosinus (Psy.chro.si 0 nus. Gr. adj. psychros cold; L. masc. n. sinus bend; N.L. masc. n. Psychrosinus a cold-adapted, curved organism).
Cells are curved rods. Motile by flagellar means, but motility may be lost in older cultures. Stain Gram-negative. Endospores not produced. Obligately anaerobic; grows chemoorganotrophically. Psychrophilic. Phylogenetic position within the family Veillonellaceae. Type species, Psychrosinus fermentans, strain FCF9.
Description of Psychrosinus fermentans sp. nov.
Psychrosinus fermentans (fer.men 0 tans. L. part. adj. fermentans fermenting).
In addition to the properties of the genus, cells occur singly and are 0.2-0.3 mm wide and 1-3 mm long with tapered ends. Obligately fermentative. Growth supported by lactate or fumarate, but weak growth occurs on pyruvate or malate. Major fermentation products from lactate are propionate and acetate. Nitrate and sulfate do not stimulate growth. NaCl is not required for growth, and concentrations exceeding 0.5% are inhibitory; no growth occurs at NaCl concentrations 4 1.2%. No growth factor requirements. Growth occurs over the pH range from 6.2 to 7.5; optimum growth at pH 7. The temperature range for growth is À 2 to 122 1C, with optimal growth occurring at 14-15 1C.
Type strain, FCF9 T (GenBank DQ767881), isolated from 9-m water from the permanently ice-covered, meromictic Lake Fryxell, McMurdo Dry Valleys, Antarctica.
